Sustainable management of heterogeneous grazing systems requires better understanding of the spatial dimension of grazing ecology. We deployed animal-borne GPS devices to map the daily foraging excursions of a shepherded flock of 200 goats under traditional Bedouin management, on a study site in the semiarid region of the northern Negev, Israel. A total of 88 daily foraging excursions were mapped during the herbaceous growing seasons of 2002 and 2003, and the spatial dimension was analyzed with GIS tools. A typical foraging excursion lasted 5.5 h, during which the flock moved across the landscape at an average speed of 0.3 m/s (1.1 km/h) and traveled 5.4 km. The foraging route was highly elongated in shape and reached a distance of 1.5 km from the night corral. Flock movement speed was affected significantly by distance from the night corral, being greatest at shortest and longest distances. Speed decreased with increasing slope angle and differed between aspects. The frequency of flock presence across the study site deviated significantly from random with respect to aspect but not to slope angle and distance from the corral. The effect of aspect changed slightly between the study years. The product of daily distance traveled and flock path width yielded a rate of area coverage of 0.122 km 2 per day. The average amount of herbage dry matter removed on any one pass of the flock is therefore in the order of just a few grams per square meter. The use of the area available to the flock was highly non-uniform, which suggests that better planning of grazing management could mitigate negative effects of grazing.
INTRODUCTION
"The main advantage of the present Bedouin system is its flexibility in utilizing the variable regional pasture conditions to maximize animal production in the short range. Its main disadvantage is the competitive use of free-for-all grazing lands, which induces unlimited herd growth and overgrazing, and provides no incentive for conservative pasture management and for active investment in pasture improvement; in short, blocks possible increases in animal production in the long range. The advantage and the deficiency are historically and socially bound together, as it is the tradition (or law) that grazing lands are free for all which has allowed the development of regionally flexible migration systems. However, it is at least theoretically possible to design new systems of land use for semi-arid regions, which would retain flexible options of animal mobility between diversified pasture types within a region, while in each pasture type regulating pasture use and increasing pasture production by management and improvement (if the latter is economic). Such systems should give higher levels of regional animal production, and of income to individual operators, than either a strictly sedentary or an uncontrolled nomadic system. Their implementation in practice would be possible only if both the government authorities and the pastoralists would be convinced of their value and would cooperate accordingly." (Noy-Meir, 1975) .
A central aspect of sustainable management of grazing systems is the allocation of an appropriate area for a given number of animals, based on predicting the intensity or pressure of grazing and its effect on the landscape (Walker and Hodgkinson, 1999) . Excessive grazing pressure by livestock can induce undesirable long-term effects on the composition, structure, and dynamics of plant populations and communities (Schlesinger et al., 1990; Keya, 1997; Liang et al., 2009; Anderson et al., 2010) , resulting in decreased ecosystem productivity (Louhaichi et al., 2009) , resilience (Zeidler et al., 2002) , biodiversity (Fleischner, 1994; Oba et al., 2008; Spottiswoode et al., 2009) , and, in extreme cases, degradation and desertification (Searle et al., 2009; Rutherford and Powrie, 2010) .
Grazing pressure is first and foremost a function of animal density, i.e., the number of individuals (or livestock units) per unit area allocated to them (Scarnecchia and Kothmann, 1982) . The biological significance of this ratio is greatest when the calculation is applied to relatively homogenous landscapes that are intensively grazed; it declines with increasing heterogeneity of the ecosystem, characterized by emergence of a patchy spatial structure of the vegetation (Svoray et al., 2008) .
Animals foraging in patchy environments must consider the costs and benefits to be derived from the various patches and paths leading to them. Their decisions are scaledependent, being contingent upon biotic factors, such as the availability, palatability, and nutritional value of herbage in a patch, and abiotic factors, such as topography and distance to the patch (Senft et al., 1987; Bailey et al., 1996) . Abiotic and biotic factors interact; factors such as slope angle and aspect, soil depth, and rock cover all affect the spatial arrangement of the vegetation, net primary productivity, community composi-tion, and plant size (Holland and Steyn, 1975; Armesto and martínez, 1978; Carmel and Kadmon, 1999; Osem et al., 2004) .
Decision-making by an animal may differ between species, breeds, and individuals (Hanley, 1982; Bailey et al., 2004; Putfarken et al., 2008) , and priorities may change over time in response to physiological states such as pregnancy and lactation (Goetsch et al., 2010) . Among gregarious herbivores, social dynamics also may play a major role in this process (Bailey et al., 1996; Dumont and Boissy, 2000) . These factors combine to form feedback links between the spatial distribution of vegetation and grazing pressure (Adler et al., 2001) , as animals spend more time grazing preferred habitats or patches, and thereby reduce the overall spatial homogeneity of utilization, with some areas being grazed more intensively than others (Frank et al., 1998) .
Since basic changes in vegetation structure induced by grazing usually involve long-term processes, study of the spatial components of grazing, the landscape, and the relationship between them, on ecologically appropriate spatial and temporal scales, requires large, accurate, and well-documented databases. These are now attainable by the combined use of Global Positioning System (GPS) devices and Geographical Information Systems (GIS), which enables automation of the tracking and geo-referencing of herbivore movements, and data analysis by means of spatial analytical methods.
In the present study we used GPS-and GIS-based methodologies to quantify the grazing routes of a flock of 200 goats within an area of ca. 800 ha during two consecutive years. The study site was established and enclosed as a Bedouin Demonstration Farm 30 years ago, in part, to evaluate the trade-off referred to by Noy-Meir (1975) in our opening quotation: between the loss of flexibility that comes with relatively sedentary rangeland utilization, on the one hand, and the beneficial elimination of competitive, free-for-all grazing, on the other hand. In respects other than setting boundaries, flock and grazing management continued according to traditional Bedouin practices: animals always foraged as a cohesive unit, accompanied by a shepherd or goatherd, and the combined flock+herder "super-organism" exploited the landscape according to seemingly complex spatial and temporal patterns. The factors contributing to this heterogeneous exploitation of the landscape was one of the primary questions we sought to address.
After characterizing a flock's daily excursions-their length, duration, and shapewe tested possible causes of heterogeneous exploitation by examining flock responses to three landscape attributes: distance from the corral, slope angle, and slope aspect. Two approaches were explored: the first examined to what extent the moment-to-moment speed of flock movement responded to local landscape attributes; the second examined to what extent the spatial distribution of flock presence according to local landscape attributes deviated from random. We also developed an approach for using data on the position of the animal carrying the tracking device to determine the area of impact of the whole flock. We used the daily excursion records to map the distribution of cumulative animal presence within the study area, and derived an expression for the efficiency of use of the area available for grazing. Isr. J. Ecol. Evol.
mATERIALS AND mETHODS

STUDY SITE
The study was conducted at the Bedouin Demonstration Farm (31°21¢52¢¢ N, 34°49¢46¢¢ E, 370 m a.s.l.), a Long Term Ecological Research (LTER) site of 800 ha situated about 15 km north of Be'er Sheva, in the northern Negev region of Israel (Fig. 1a) . The area is semiarid, with average annual rainfall of ca. 300 mm. The terrain is hilly: slope angles range from 0 to 24°, with a mean of 11º. Ground cover is heterogeneous and comprises a mosaic of herbaceous vegetation, shrubs (mainly Sarcopoterium spinosum), bare soil, microphytic crusts, and exposed rock. Herbaceous plants are mainly annuals that emerge about 2 weeks after the first significant rains, which usually occur between October and December. Peak standing biomass is reached in March or April, after which the annuals senesce.
BEDOUIN GRAZING PRACTICE
The study site is utilized by two flocks, one of about 500 Awassi sheep, the other of about 200 goats of the mamber and Shami breeds. Grazing management is according to traditional Bedouin practice: from January or February to May (green season), the animals graze the rangeland. After the vegetation dries out, the flocks leave the farm for the duration of the summer (June-September) and graze contracted stubble fields and agricultural aftermaths in the region. The flocks then return to the farm and graze the remaining dry vegetation during the fall and early winter (October-January). During this latter period, the animals draw most of their nutritional requirements from supplemented feeds such as maize and barley grains (Ginguld et al., 1997) .
While on the farm, the flocks are managed from a central corral where they are kept at night (Fig. 1a) . Each flock separately leaves the corral each morning accompanied by a herder, follows a meandering, daily-varying route across the landscape, and returns in the afternoon, typically after 5 to 6 h. The term "foraging excursion" refers to this exploitation of the landscape by a given flock on any given day.
FLOCK TRACKING
We tracked foraging excursions of the goat flock during the green seasons of 2002 and 2003, with a GeoExplorer II GPS rover device (Trimble Navigation Limited, Sunnyvale, CA, USA), which can store up to 9600 records. Location accuracy of the device is relatively high: in a test of our rover device that examined 5000 GPS readings gathered at a stationary position on the study site, the distances from the mean position at the 50th, 75th, and 90th percentiles were 2.7, 5.0, and 7.0 m, respectively.
A girdle-like harness was used to protect the equipment and to enable it to be carried comfortably by an animal. The harness comprised two padded pouches, positioned to counterbalance one another on either side of the animal's back; one held the rover device and the other an external battery that enabled continuous operation for the duration of a foraging excursion. An external antenna was positioned above the spine of the animal, between the two pouches, and was connected to the rover by a cable threaded through the girdle. The entire harness, device and battery arrangement weighed 1.2 kg.
On each day of tracking, the GPS harness was fitted onto a randomly selected animal before the flock left the central corral, and was removed soon after its return. Various GPS fix intervals (3, 15, 20, or 
GPS DATA PROCESSING
The rover data were collected in the ITM (Israel Transverse Mercator) grid coordinate system, and converted to ArcGIS shapefile format by the Pathfinder 2.9 software (Trimble). In order to prevent biases that might result from using varied GPS fix intervals, we re-sampled our data using a 60-s interval. Starting from the second record of each foraging excursion, we used GPS time and position data to calculate the time elapsed, Euclidian distance, and speed of movement (referred to hereafter as speed) from the previous position.
The time interval between two consecutive GPS positions would be longer than intended if one or more positions were not stored, because the number and/or configuration of visible satellites reduce position accuracy below user-defined thresholds. Since foraging animals do not move in a straight line, this can result in underestimation of distance and speed. To minimize this problem, we omitted records with a time interval longer than 2 min; these potentially erroneous records constituted about 1.0% of the entire dataset. In addition, a few foraging excursions were excluded because they yielded too few GPS positions, as a result of technical problems.
GPS positions recorded in the corral, before and after each foraging excursion, were deleted, as were those recorded in the vicinity of a watering point at which the flock spent time resting on several days.
Foraging excursions for which the entire route was recorded-from leaving the corral until returning to it-were designated as "complete", and those for which only part of the route was recorded-usually because of battery depletion, disconnection of the antenna, or poor satellite reception-were designated as "incomplete". Incomplete foraging excursions were excluded from analyses which would otherwise yield biased results, such as length and duration of a foraging excursion.
CHARACTERIZING FORAGING EXCURSIONS
We used the following measures to characterize each complete foraging excursion: (i) length, defined as the sum of the distances between consecutive points; (ii) duration, defined as the time between the first and last GPS records; (iii) average speed of movement, calculated from the speed associated with each GPS position change; (iv) maximum distance from the corral; (v) isoperimetric quotient. The isoperimetric quotient is a shape factor that, in our context, expresses the degree of circularity or elongation of the foraging excursion. It is defined as the ratio between the area enclosed by the foraging excursion (A) and the area of a circle (the most compact shape) having the same perimeter (P; equivalent to length defined above): (4 π A) / P 2 ; it can range between 0 for a straight line and 1 for a perfect circle. The variable A was calculated by connecting all the points constituting a foraging excursion into a closed polygon, using the Hawth's Analysis Tools extension in ArcGIS.
FLOCK RESPONSE TO LANDSCAPE ATTRIBUTES
We used ERDAS IMAGINE 9.0 (Erdas Inc., Norcross, GA, USA) to derive two raster layers of abiotic landscape attributes of 20-m resolution from a digital elevation model (DEM) of the study area provided by the Survey of Israel (Tel Aviv, Israel): (a) slope angle; and (b) aspect (the direction the slope faces), categorized as north-, east-, south-, or west-facing. Because less than 1% of all cells were flat (no aspect), these were excluded from analyses. For each grid cell, we also calculated the Euclidian distance from the corral. To facilitate integration with the vector-type point data of flock GPS positions, we used an ArcInfo Workstation (Esri, Redlands, CA, USA) to create a fishnet (a vector layer of rectangular cells) of 20-m resolution corresponding exactly to the pixels of the raster layers. Each of the resulting 21,241 cells was assigned the slope angle (Fig. 1b) , aspect (Fig. 1c) , and distance-from-corral (Fig. 1d) attributes of the corresponding pixel in the raster layers by using the spatial-join operator.
In order to analyze the effect of landscape attributes on flock speed, we performed, for each year separately, a spatial join between the fishnet layer and the pooled GPS positions of all foraging excursions (both complete and incomplete). For each fishnet cell, x -and n of speed values associated with all GPS positions contained in it were computed and stored. Analysis of covariance was used to examine the effects of landscape attributes on speed. The dependent variable was average flock speed in a fishnet cell (weighted by n). Independent variables were: year (two categories), distance from corral (linear and quadratic terms), slope angle (linear and quadratic terms), aspect (four categories), and all two-way interactions. When significant interactions with year were obtained, separate analyses were conducted for each year.
Deviation from random presence, as affected by aspect, slope angle, or distance from the corral, was tested by comparing the observed (fishnet cells that were visited) with the expected (all cells) frequency distributions of these landscape attributes. Although both complete and incomplete foraging excursions were included in these analyses, only a subset of observations was included, in order to minimize the effect of spatial autocorrelation, which derives from the fact that spatially proximate cells tend to have similar characteristics. Consequently, temporally proximate GPS positions would be expected to exhibit similar characteristics and cannot be regarded as being statistically independent. However, if the time interval between GPS positions is such that the flock could reach a region with different characteristics, such positions can be regarded as independent even if the flock chose not to move from one to the other. To estimate the average distance between any pair of points beyond which their cell attributes are independent-referred to in geostatistics as the "range" (Goovaerts, 1997)-we plotted semivariograms for slope and aspect by using the Geostatistical Analyst extension of ArcGIS 9.2 (Esri, Redlands, CA, USA). We obtained a distance of 150 m, which was consistent with the results of other spatial autocorrelation analyses conducted in the same area (Livne and Svoray, 2011) .
Based on the global mean speed (0.292 m/s), the time required to travel 150 m is 8.6 min. Because our dataset was filtered with a 1-min interval, and in order to err on the side of caution, we re-filtered the records with 10-min intervals, and thereby reduced the number of GPS positions by about 90%, from 12,049 to 1219 in 2002 and from 14,664 to 1551in 2003. For each year separately, the re-filtered set of GPS positions was combined with the fishnet layer of the study area to yield the number of GPS positions contained in each cell. The observed frequency distributions of non-zero counts were constructed according to slope angle, aspect, and distance from the corral, which we divided into 150-m categories. Corresponding expected frequency distributions were based on the data for the entire study area.
The non-parametric Kolmogorov-Smirnov test was used to compare the observed and expected frequency distributions of animal presence for the continuous variables of slope angle and distance from the corral. The one-sample form of the test was employed because the expected-frequency dataset was constructed from the data of all cells in the fishnet layer and, therefore, represented the entire population rather than a sample. The test was based on the largest absolute difference between the cumulative probabilitydistribution functions of the ordered observed and expected values. For the categorical variable of aspect, we used the chi-squared test to compare the observed and expected frequency distributions of animal presence.
MAPPING THE HETEROGENEITY OF FLOCK PRESENCE
To map and analyze the spatial distribution of cumulative flock presence (for each study year) it was necessary to convert each GPS position into an amount of flock presence, based on the area occupied by the flock and the time it spent there. The temporal component-grazing time-is the product of flock size and the time elapsed since the previous GPS position. The area component is less straightforward: its determination is based on simplifying assumptions regarding flock shape and animal spacing. On the basis of direct observation at the study site, the best approximation of flock shape was assumed to be a circle, even though its true shape could deviate from this in the course of a foraging excursion. By photographing the flock from opposing hillslopes on various occasions, and using the measured distance between included simple landmarks, such as shrub clusters and rock exposures, to scale the picture, we estimated the area occupied by the 200-head goat flock to be 384 m 2 , which is very close to the cell size of 400 m 2 . Over the course of a foraging excursion we observed great variability in the relative position within the flock cluster of the animal wearing the GPS harness. We therefore ascribed flock presence to the grid cell containing the GPS position.
Cumulative flock presence in the GIS framework was computed by spatially joining all GPS positions of both complete and incomplete foraging excursions with the fishnet layer of (20 × 20)-m cells, and ascribing to each cell the total presence time represented by all GPS positions that it contained. This value was multiplied by flock size (200) and normalized to an area of 1000 m 2 by multiplying by 2.5. This yielded a measure with units of (animal × time × area -1 ). Spatial efficiency was defined as the total area of all cells that were visited at least once during a year, divided by the total area that would have been visited under systematic grazing in which foraging excursions did not overlap. The denominator was defined as the product of the total length of foraging excursions and a path width of 22.6 m. This path width represents the diameter of a circle covering an area similar to the grid's cell size (400 m 2 ) to which we approximated our estimate of the area covered by the flock (384 m 2 ). Theoretically, the lowest spatial efficiency would result if the herd traced out the same route at each foraging excursion, and the value would be the reciprocal of the number of foraging excursions. At the other extreme, a spatial efficiency of unity would be achieved if no foraging excursions overlapped at all. Some degree of overlap is inevitable when foraging excursions leave from, and return to, a central corral, and this will depend on their number. But in the context of foraging excursions that are a few kilometers long, the effect is very small.
RESULTS AND DISCUSSION
BASIC FEATURES OF FORAGING EXCURSIONS
The paths traced by the flock across the landscape in the course of a number of foraging excursions, and their quantitative characteristics, are shown in Fig. 2 . The average metrics for all complete grazing excursions are summarized in Table 1 . The average excursion lasted about 5.5 h, during which the flock walked 5.4 km at a speed of 0.29 m/s (about 1 km/h), and reached an average maximum Euclidean distance of 1.5 km from the corral. The shape of the route traced by the flock was compressed and elongated, as indicated by the low isoperimetric quotient of 0.117. The fact that the distance walked was much greater than twice the distance to the furthest point reached is indicative of the tortuous shape of the foraging route. By multiplying the daily distance covered (5.4 km) by the flock path width (22.6 m), we estimated that the area foraged by the flock was 0.122 km 2 per day. The histogram of speed (Fig. 3) was highly skewed to the right, with the most frequently occurring speeds being at the low end, so that the median speed was lower than the mean: 0.21 m/s in 2002 and 0.23 m/s in 2003. The lowest speed category of the distribution is centered at approximately 0.04 m/s, which suggests the slow crawling progress associated with active grazing in a patch of high abundance. The upper end of the frequency distribution probably corresponds to periods of travel without grazing.
Herded goat flocks in other regions have been reported to follow foraging excursions of considerably greater length and duration than those observed in the present study. Schlecht et al. (2006) reported daily excursions of 11 km lasting about 8 h for herded goats in western Niger, and Schlecht et al. (2009) documented daily excursions of 12-20 km lasting 9-10 h for herded goats in Oman. However, in both studies large proportions of the day were dedicated to directional long-distance travel, either to traverse areas of bare soil (Niger) or to travel between a homestead and remote rangelands (Oman). Using synchronized observations and GPS data, Schlecht et al. (2006) estimated the average speed during directional long-distance travel to be 0.71 m/s, whereas that during feeding (grazing, browsing, and walking between feeding stations) was 0.28 m/s. This latter value is remarkably similar to that obtained in the present study, and is consistent with our impression, gained from numerous casual observations of the flock at Lehavim, that the vast majority of a foraging excursion is devoted to grazing while walking. However, our expectation of a bimodal distribution of speed values representing two modes of behavior-feeding (slow) and directional walking (fast)-was not fulfilled, and our various exploratory analyses failed to detect consistent patterns of speed change in the course of the day.
THE RESPONSE OF FLOCK SPEED TO LANDSCAPE ATTRIBUTES
Given that the study flock travelled more than 5 km through a highly heterogeneous environment in the course of each foraging excursion, it must have encountered, at various spatial scales, ranges of abiotic and biotic conditions. Our analyses indicated that flock speed responded to spatial variations in abiotic conditions. In the analysis of covariance of flock speed that included data of both years (Table 2) , the linear and quadratic terms for Distance (from the corral) and Slope (angle) were highly significant (p < 0.0001), as were the interactions of Year with the linear and quadratic terms for Slope. Aspect was significant (p < 0.05) and the Year × Aspect interaction was highly significant (p < 0.0001). Slightly different results were obtained when the analysis was performed for each year separately (not shown). The model accounted for a greater proportion of the variance in 2002 (adjusted R 2 = 0.156) than for that in 2003 (adjusted R 2 = 0.066). Aspect was found not significant in 2002 (p = 0.076), but highly significant in 2003 (p < 0.0001), and there were differences between the years in the sums of squares and significance levels attributed to the variables. Nevertheless, the main structures of the model remained similar between the years, with the linear and quadratic terms for Distance and the (Distance × Slope) interaction being the dominant factors. However, the small proportion of the variance in speed that was explained by the models suggests that although the factors we tested affected flock speed significantly, other, stronger factors have eluded our analysis. Biotic factors such as herbaceous biomass availability and woody vegetation cover, and abiotic factors such as rockiness, would be good candidates for inclusion in the analysis, and could be investigated by incorporating remote sensing and/or spatially explicit modeling of primary production into the analysis. In the latter case, the effect of herbage availability would most likely be mediated by climatic driving variables, most importantly the quantity and timing of rainfall. The inclusion of these factors was beyond the scope of the present study.
Some insight can be gained from examination of the coefficients assigned to the variables in the statistical models. The linear and quadratic coefficients for Distance were negative and positive, respectively. This created a parabolic curve of Speed vs Distance, that showed that flock speed was relatively high when the flock was either close to the (1426) 5462 ( corral or near the outer reaches of the farm, and relatively low at intermediate distances.
The lowest speed occurred at about 1500 m from the corral, a distance similar to the average maximal distance reached by the flock (Table 1) . This pattern also corresponds to the daily grazing routine, in that the flock was close to the corral in the morning and late afternoon. This coupling of the effects of distance and time of day on flock speed is consistent with direct observation of flock behavior during the initial and terminal legs of the daily foraging excursion, and may be the result of hunger in the morning, and thirst or the desire of lactating females to return to the corral to nurse their kids, in the evening.
The linear and quadratic terms for Slope had the same signs as those for Distance, but their magnitude was such that Speed declined non-linearly with increasing Slope to a minimum at the upper end of the range of Slope values encountered. The effect of Aspect in the year in which it was found significant (2003) was negative for the north-, east-, and west-facing aspects, and positive for the south-facing one.
The effects of slope angle and aspect on flock speed could be direct, indirect, or both. The direct effect of slope angle might act via ease and energetic cost of walking (Ganskopp et al., 2000) , which would explain the negative effect of slope angle on speed. An indirect effect could spring from the tendency of animals to traverse steep landscapes perpendicularly to the slope, walking along well-trodden paths in column formation (Arnold and Dudzinski, 1978; Stavi et al., 2008) , and reducing speed. Both the steepness of a slope and its aspect can have indirect effects on flock speed, via their effects on forage attributes such as biomass and species composition. South-facing slopes receive more radiation than the others, and are therefore less productive (Osem et al., 2004) . This might explain why, when found significant (in 2003) , the coefficient was positive on the south-facing aspect but negative on the others: where forage is more abundant, animals reduce speed and increase their consumption rate (Bailey et al., 1996) . Aspects differ also in community structure (Carmel and Kadmon, 1999) , but relating these to animal behavior is less straightforward.
THE RESPONSE OF FLOCK PRESENCE TO LANDSCAPE ATTRIBUTES
Comparison between the observed and expected distributions of flock presence according to slope angle did not indicate preference for certain slope angles in either study year (Fig. 4a) . Similarly, no preference was detected for specific 150-m increments of distance from the corral (Fig. 4b) . However, the observed frequency of flock presence according to aspect did deviate significantly from the expected distribution ( Fig. 4c) : in both years, north-and east-facing aspects were visited more than expected, and south-facing aspects less so, whereas west-facing aspects were visited slightly less than expected in 2002 and more than expected in 2003. We interpret the preference for north-and east-facing over south-facing slopes as being related to lower productivity on south-facing slopes, as discussed above.
Contrary to what might be expected, the analyses of flock speed and flock presence did not yield mutually consistent results. For example, speed responded significantly to distance from the corral, but presence did not. We hypothesize that this is related to differing roles of animal and herder with respect to the spatial dimension. Flocks of goats and sheep are not free-ranging in traditional and contemporary Bedouin grazing practices; the herder is dominant in deciding where to go and when to head back to the corral. He (or she) is probably familiar with the entire available area, knows where there is forage and when it was last grazed, how much time and effort it takes to get to every place, and whether or not there will be another flock there. He might even have a general grazing plan for the year or possibly for several years, and therefore makes decisions on the temporal scale of hours to months and on the spatial scale of hundreds to thousands of square meters. Thus, domesticated flocks accompanied by a shepherd are more constrained than their wild counterparts, which make decisions across a broad range of spatial and temporal scales (Senft et al., 1987) . Nevertheless, the herder does not totally control flock grazing behavior: at the relatively fine spatial scale of feeding stations and patches, the animal decides at every moment whether to stay by a plant or in a certain patch, or to leave it-decisions that help to determine its speed of progress across the landscape. This dichotomy is expressed in our present results: on the yearly scale, slope angle and distance from the corral did not affect visit frequency, and differences between observed and expected distributions were not dramatic (Fig. 4) , whereas on the scale of minutes these factors did affect the speed at which the flocks moved across the landscape (Table 2) .
SPATIAL HETEROGENEITY OF FLOCK PRESENCE
The size of the study site in relation to the distance walked during a daily foraging excursion meant that the flock could reach any point within it, and so its entire area could be regarded as the potential grazing area; nevertheless, the map of cumulative flock presence (Fig. 5 ) reveals a highly heterogeneous distribution across the landscape. This is expressed quantitatively in Fig. 6 : in both years most of the available area (ca. 75 to 80%) was not visited at all during the documented periods, whereas the remaining area exhibited a broad range of flock presence intensity.
Because the flock leaves the corral and returns to it every day, we expected flock presence (which serves as a surrogate for grazing pressure) to be greatest in its vicinity. However, as can be seen in the map of cumulative flock presence (Fig. 5) , the areas which accumulated the greatest flock presence were, with the exception of a few trunk herding routes, at intermediate and long distances from the corral, and this is consistent with the relatively high speed of the flock when close to the corral. We do note, however, that the greatest levels of flock presence did not occur in exactly the same areas in both years. Some areas-south-east and north of the corral-accumulated high levels of flock presence in both years, whereas others were grazed more intensively in one of the years: the eastern edges of the site in 2002, and the western and southwestern parts in 2003. Can the concepts of flock presence and forage consumption be connected? As a first approximation, let us consider the average cumulative flock presence for those areas in which flock presence was registered: 23 animal-hours per 1000 m 2 (Fig. 6 ). If we assume that the rate of herbage intake of a mature goat during the green season is approximately 2 kg of herbaceous dry matter per 6-h grazing day (Luo et al., 2004) , then the expected offtake should be less than 8 g/m 2 . This quantity is very low compared with the primary productivity of herbaceous vegetation in the study area; Ungar et al. (1999) reported a 9-year average (±SE) peak standing biomass of 56 ± 11 g/m 2 on grazed south-facing slopes. However, this was based on sampling of the intershrub area, within which herbaceous vegetation tends to be concentrated mainly in the vicinity of Sarcopoterium spinosum shrubs (Arnon et al., 2007) , therefore, the herbaceous biomass per unit area of landscape is much lower. Furthermore, we did not achieve complete coverage of foraging excursions during the green season, nor did we take consumption of dry herbage during the summer months into account. Thus, the true cumulative offtake over an entire year is expected to be considerably greater.
If we consider a single pass of the flock, the average offtake per unit area, which can be estimated from the area covered per day (0.122 km 2 ) and flock consumption (200 head × 2 kg), would be as little as 3.3 g/m 2 . One would, therefore, expect the rangeland to be able to sustain numerous passes of the flock.
The high heterogeneity of flock presence distribution resulted in low spatial efficiency. In 2002, the total area of all cells that were visited at least once was 1.672 km 2 , whereas the total length of foraging excursions multiplied by the path width was 4.336 km 2 , therefore, the spatial efficiency was 0.386. Comparable values in 2003 were 2.052 km 2 (actual coverage) and 5.383 km 2 (potential coverage), for a spatial efficiency of 0.381. This level of efficiency could be improved by better planning and management, that aims for a more homogeneous distribution of grazing pressure. The approach we present here offers tools to reach that end by quantifying and visualizing the spatial distribution of flock presence.
CONCLUSIONS
We presented methods to record the grazing distribution pattern of a herded goat flock, with high resolution and accuracy and over wide ranges of spatial and temporal scales, and to transform GPS point data into a quantitative measure of animal presence. These methods enabled us to relate grazing patterns to local abiotic conditions of slope aspect, slope angle, and distance from the corral, and to map the grazing pressure on fine temporal and spatial scales of minutes and meters. Various factors in our statistical models were highly significant, although they explained only a small proportion of the variation. Our analyses indicated that the animals responded to local abiotic conditions by changing their speed of movement, and the differences between years suggest that the direction and strength of response to these conditions might depend on temporal changes, such as the progress of vegetation growth and phenological phase of the plants. The spatial and temporal distributions of flock presence and, therefore, of grazing pressure, were found to be heterogeneous: grazing pressure was high in some areas whereas others were not grazed at all. Overall, it seems that the utilization of the area available for grazing was not efficient. Since spreading grazing pressure more evenly should improve utilization efficiency and mitigate negative ecological effects of grazing, our findings suggest that better management of the spatial distribution of grazing pressure should achieve more uniform and sustainable use of grazing areas.
